We report high-performance nanoscale photodetectors utilizing annealed nanocrystal quantum dots ͑QDs͒ within a nanoscale metal electrode gap. By optimizing the nanogap size and fabrication process, the device demonstrates a significantly better sensitivity ͑noise equivalent power= 7.76 ϫ 10 −14 W / Hz 1/2 ͒ and bandwidth ͑Ն125 kHz͒ than previously reported nanoscale photodetectors. Furthermore, by utilizing a lateral photoconduction structure and a self-assembled layer of QDs, the detector fabrication is highly compatible with many substrates and device architectures.
Recently, QDs have been used in large-area photodetectors and solar cells 10 with power conversion efficiencies as high as 4%. 11 By building a thin, large-area, vertical photodiode structure on an indium-tin-oxide substrate, the inherently small bandwidth of the QD photodetectors due to tunneling barriers has also been improved to nearly 1 MHz. 12 Here we report a nanocrystal QD photoconductive photodetector with an active area of approximately 50 ϫ 60 nm 2 that can be operated at room temperature in ambient conditions. The structure consists of a thin film of nanocrystal QDs that fill the gap of a lithographically defined metal nanojunction, as shown in Fig. 1͑a͒ . Because it relies only upon metal deposition and QD self-assembly, the device can be fabricated on a variety of substrates. Electron transport through the device is limited by the field-induced ionization rate of the photogenerated excitons, which in this case is proportional to the electron-tunneling rate between neighboring nanocrystals. Thus, for high responsivity, it is necessary to have high field intensities across the junction, which can be obtained most easily in a short gap. Figure 1͑a͒ also shows the normal dc electric field in the gap that is, as expected, highly concentrated in and around the nanogap. Furthermore, the short distance between electrodes limits the number of tunneling steps required for electrons to traverse the gap, which also increases responsivity and enhances the speed of the device. By defining the electrode gap with electron-beam lithography ͑EBL͒ and annealing the assembled QDs, we observe a significant improvement in sensitivity and bandwidth over both our previously reported devices 2 as well as recently reported micron-scale QD thinfilm photoconductive photodetectors. 13, 14 This improvement is due to the annealing, which reduces the number of trap states and tunneling barriers, the high field intensity in the nanogap which enhances charge transport, and the high absorption cross-section of the active material. 15 The nanogap electrode that consists of a 300 Å Au layer with a 20 Å Cr adhesion layer is patterned by EBL. Figure  1͑b͒ shows a scanning electron micrograph ͑SEM͒ of a typical nanogap electrode. The nanocrystals, 620 nm-peak emission CdSe/ZnS core-shell QDs ͑NN-Labs, LLC͒ originally suspended in toluene, are precipitated out of solution by ethanol and centrifuged, the supernatant liquid poured off, and the QDs dried in vacuum for 20 min. The QDs are then resuspended in toluene and the process repeated. After the second washing cycle is complete, the dried QDs are suspended in a 9:1 ratio of hexane/octane and a 5 L liquid droplet is micropipetted onto the surface of Au/Cr nanogap electrodes on the glass substrate. After drop-casting of QDs, the film is allowed to dry for 60 s under a fume hood and then, in order to reduce the effect of persistent photoconductivity 13 and increase the photocurrent through the device, the device is immediately transferred to a preheated vacuum chuck for thermal annealing. The sample is annealed at 300°C and 1 mTorr for 40 min, the heat is turned off, and the sample was allowed to cool under vacuum for several hours before device testing. The uniformity of the drop-cast QD film is shown in the atomic force micrograph ͑AFM͒ of the device in Fig. 1͑c͒ .
For testing the device, different experimental layouts were used depending on the modulation frequency range being measured, as shown in Fig. 2 . Light from a 405 nm free-space laser was coupled into an optical fiber and focused onto the photodetector with a spot size of 100 m. Continuous wave ͑cw͒ photocurrent measurements were made with a Keithley 6430 source meter which also served as a dc voltage source. For bandwidth measurements at frequencies below 50 kHz, the laser was electrically modulated and a single SR810 lock-in amplifier was used to measure photocurrent directly, as a function of modulation frequency. The response beyond 50 kHz was measured using the voltage input of a SR844 rf lock-in amplifier with the original 50 ⍀ input impedance terminated with a 1 k⍀ resistor in order to increase the voltage signal into the amplifier. This reduced the bandwidth of the rf lock-in to approximately 125 kHz. For measurement bandwidths beyond 50 kHz, the noise floor was higher than the actual signal and in order to extract the device response from the noise, the SR844 was used in series with the SR810. The optical input was electrically modulated from 50-200 kHz and also mechanically chopped at 5 Hz. The 5 Hz signal was subsequently detected by the SR810 and the signal time-averaged over many cycles. Data was taken for no illumination as well, and this was used as a baseline for the photocurrent data. Because the single lock-in and double lock-in configurations involved different amplifier gains, the photocurrent was normalized to unity with respect to the baseline data. Figure 3͑a͒ shows dark and light I-V measurements for a 50 nm nanogap device. The light I-V measurement is made with 14 nW of cw optical power hitting the active area of the photodetector. Here, the photocurrent exceeds the dark current by more than an order of magnitude; the dark current remains below 0.1 pA for a field of 3 ϫ 10 5 V / cm while the photocurrent reaches 6 pA under the same field. Figure 3͑b͒ shows the repeatability of a typical device's performance un- der lower light level ͑120 pW͒ illumination. The error bars show the standard deviation associated with five separate data runs for dark and light measurements, respectively. These measurements were taken in the following order: dark, light, dark, light, etc. Very good repeatability is observed. Figure 3͑c͒ shows photocurrent as a function of optical power hitting the 50 nm nanogap device area. This measurement was performed with a single lock-in amplifier at a light modulation frequency of 1 kHz and an electric field of 8 ϫ 10 5 V / cm. The standard error is plotted along with the average data from three sets. The lowest measurable optical power was slightly less than 500 fW over the device area of 50ϫ 60 nm 2 . To achieve the high gain and measurement bandwidth necessary to measure the speed of the detector, bandwidth measurements were made in a double lock-in configuration. The results, shown in Fig. 3͑d͒ for the 50 nm nanogap device, indicate that the system response is limited by the instrument bandwidth. There appears to be no 3 dB roll-off at 125 kHz and the instrument itself rolls off beyond this, so it is assumed that the photodetector has a bandwidth of at least 125 kHz. This more than doubles the best reported result for nanocrystal thin-film photodetection devices 16 utilizing simple photoconductor structures.
The absorption coefficient of a typical QD thin-film in the device was characterized to be 18%. Figures of merit were estimated for the 50 nm nanogap device that yielded the result in Fig. 3͑c͒ . These calculations are based on a measured photocurrent of 0.1 pA at 17 pW illumination and 8 ϫ 10 5 V / cm electric field, which results in a responsivity of 5.88 mA/W. The noise current is assumed to be shot-noise limited and is given by I s = ͑2qIB n ͒ 1/2 , where I is the total current and B n is the noise bandwidth. Given a dark current of 0.55 pA, as seen in Fig. 3͑a͒ ͒. In conclusion, we report the design, fabrication, and testing of a nanogap QD photodetector with high sensitivity and bandwidth. The performance of the photodetector is enhanced by the high absorption cross-section of the active material, the high field intensity and small overall tunneling distance in the device. We measure an optical power of 500 fW over the active area of the device and an instrumentlimited bandwidth of at least 125 kHz, which outperforms other nanoscale photodetectors reported so far. In addition, the ability to fabricate the photodetector on a variety of substrates provides a unique capability for this technology to be integrated with various photonic and electrical components, and may enable new applications in photonic integrated circuits, telecommunications, or imaging applications.
M. C. Hegg and M. P. Horning thank the NSF IGERT Graduate Fellowship Program and University of Washington UIF Graduate Fellowship Program for financial support. This project was supported in part by the National Science Foundation ͑Grant No. ECCS-0925378͒. Work was performed in part at the University of Washington Nanotech User Facility ͑NTUF͒, a member of the National Nanotechnology Infrastructure Network ͑NNIN͒, which is supported by the National Science Foundation. FIG. 3 . ͑Color online͒ Experimental results for the nanocrystals QD photodetector. ͑a͒ Dark ͑black, square͒ and light ͑red, circle͒ I-V measurement under 14 nW input optical power for a 50 nm nanogap device. ͑b͒ Repeatability measurement under low light level illumination ͑120 pW͒ for a typical nanogap device. The error bars show the standard deviation associated with five separate data runs for dark and light measurements, respectively. ͑c͒ Sensitivity measurement. An input optical power as low as 500 fW can be detected by the 50 nm nanogap QD photodetector. ͑d͒ Bandwidth measurement to 200 kHz. The result is limited by the bandwidth of the double lock-in experimental setup ͑125 kHz͒.
